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I. INTRODUCTION
Tumors, cysts and infections of the lateral sku ll base present unique surgical challenges. Vital structures such as the cochlea, labyrinth, and facial nerve often lie along the straight path from surface to lesion, and the intervening dense bone sometimes leaves little option for co mplete removal without sacrificing these structures or waiting for the d isease to become so extensive as to impair their function and justify their sacrifice [1] [2] . Moreover, surgical mishaps involving the carotid artery or jugular vein/sigmoid sinus in the deep temporal bone can have disastrous consequences: these vessels are embedded in the bone and cannot be easily mobilized to control hemorrhage.
A number of the lesions in question can, however, be removed piecemeal by scraping and aspiration, or they can be drained [3] . For examp le, cholesterol granulo mas are cystic foreign body reactions to trapped and degenerating red blood cell products, and the contents have the consistency of motor oil. Cholesteatomas are, in reality, skin cysts with gelat inous layers of wet skin debris that can destroy surrounding structures if not removed. Chordomas are tu mors that also have a gelatinous matrix amenable to aspiration. Tradit ional approaches use suction, which is not maneuverable and controllable, to work around the corners. Thus, a simp le apparatus for controlled work 'around corners' deep into the inner ear would be a significant advance in the area of surgical robotics, even if it only allo wed for suction, lavage, and blunt scraping.
There are several approaches to reach the petrous apex [4] . For large lesions that extend anteriorly to a well-aerated sphenoid sinus, trans-nasal, trans-sphenoidal endoscopic approaches may be used. Concentric tube robots have been recently used to augment this approach [5] [6] . However, many cases do not lend themselves to anterior approaches, and the surgeon will typically approach laterally through the temporal bone. In this paper, we focus on one such approach, the infralabyrinthine approach (ILA) [7] , because it has a linear pathway to the cyst cavity and allows a small but sufficient entry port for the DCM (Fig. 1) . This pathway can be drilled via the external auditory canal and tympanic bone from access window I or via the mastoid fro m access window II, both going inferior to the labyrinth ( Fig. 1(a) ). For the current surgical procedure, the major challenge is to pass the tools through a critically small space (with a diameter of 3-6 mm) constrained by vital structures including the facial nerve and jugular vein, and carotid artery.
The overall goal of this paper is to investigate the feasibility of utilizing a maneuverable device including a snake-like DCM and specialized tools and procedures for deep skull base surgery. The device must go through a constrained pathway without causing damage to surrounding critical structures around the access window. We will also demonstrate the concept and show the feasibility of using a DCM and the specialized tools for the procedure via performing experiments on 2D plastic phantoms. The paper is arranged as follows: Section II focuses on the introduction of requirements, conceptual design and surgical procedure; Section III introduces the design of the DCM and an adjustable ring curette through its instrument channel; additionally, Section III describes the device kinemat ics. Section IV introduces the experiments to show feasibility and validate the concept. 
II. REQUIREMENTS, CONCEPTUAL DESIGN

B. The Surgical System
In this paper, we propose a snake-like device to work along a linear pathway to the petrous apex to perform lesion removal. The device would be used as an adjunct to conventional neuro-otologic surgery in which a linear channel could be opened by drilling within the mastoid or tympanic bone to skeletonize but not sacrifice crit ical structures. The channel could then be accessed by the snake to reach into deeper cavities, working around the inner ear with considerable maneuverability. The absolute constraint is to not violate the inner ear. The conceptual robotic system integrated with the snake-like device is shown in Fig. 2 . For this paper, however, we focus on the use of a hand-held DCM with a manual actuation unit as discussed in Section III.
C. Surgical Procedure
For a benign, cystic lesion of the deep skull base, the goal is to remove all of the cyst in the petrous apex. In the conventional procedure, the surgeon first drills the temporal bone to create a pathway, and then inserts the tools to perform the scraping and aspiration, working deep to the labyrinth and cochlea via a small tract. However, linear tools often constrain the ability to reach all surfaces of the cavity. We propose a similar procedure to accomplish the surgery:
(1) Drill the temporal bone The pathway is defined, and a high-speed motorized surgical hand drill is used to create the pathway based on ILA.
(2) Insert the DCM The cable-driven DCM will be sent through the path. The first round of aspiration through the instrument channel of the DCM will be implemented co mbined with the DCM 's bending followed by endoscopic inspection.
(3) Insert the ring curette to dissect and scrape the cysts lining along its bony confines
The adjustable cable-driven ring curette will be sent through the instrument channel of the DCM. Once in the apex, the cable of the curette will be pulled to create a 4 mm diameter circu lar ring shape. The ring will be used for scraping the walls as the DCM controls its position.
(4) Perform the irrigation and aspiration Remove the debris through aspiration. Steps (3) ~ (4) can be repeated several times to ensure complete removal.
III. MANEUVERABLE DEVICE AND ITS COMPONENT S
In this system, the maneuverable device is critical to help reach boundaries of the cyst cavity and ensure complete removal. The maneuverable device consis ts of two components: the DCM controlled by a da Vinci actuation box and the adjustable ring curette (Fig. 3) . The knobs of the box can be used to control the rotation and bending of the DCM. The adjustable ring curette can be inserted through the inner instrument channel to work with the DCM.
A. DCM with a da Vinci Actuation Box
(1) DCM and asymmetric tendon configuration We have previously developed a DCM for the treat ment of osteolysis during hip revision surgery [9] [10] (Fig. 3) . The current DCM has a large instrument channel (4 mm diameter) to outer diameter (6 mm diameter) ratio. The DCM is fabricated fro m nested nitinol tubes. The notches on the body of the DCM are created by an electrical discharge machining (EDM ) process and enable bending of the DCM. The maximu m bending angle for DCM is larger than 180° [9] . Cables passing through the walls of the DCM control the man ipulator shape. In our previous work, a typical C shape was investigated, which can fulfill the requirement of hip revision surgery [11] ; however, the C shape cannot always reach all the edges of the cyst cavity for the skull base surgery, especially around the corner at the petrous apex. In this paper, we configure two actuation tendons to different positions: Tendon 1 extends to the tip of the DCM, wh ile Tendon 2 goes to the middle point (Fig. 4(a) ). Considering this configuration of tendons, the DCM can form the C shape with Tendon 1 actuated and S shape with both Tendon 1 and Tendon 2 actuated simultaneously (Fig. 4(b) ).
(2) Integration with da Vinci actuation box Three knobs in the da Vinci actuation box (Intuitive Surgical, Inc., USA) control the DCM (Fig. 5) . Tendon 1 is attached to Knob1, and the other tendon is attached to Knob2.The backbone of snake is connected to Knob3 to provide external rotation. Rotating only Knob1 creates a C shape; simultaneously rotating Knob1 and Knob2 creates an S shape.
(3) DCM kinematics Cystic lesions of the petrous apex are often treated only with aspiration via the ILA, but this can lead to recurrence because pathologic tissues can remain in the cyst walls. Defin itive removal of such a cystic lesion would require that the DCM is able to reach all of the inner surfaces of the cavity so as to position the ring curette to scrape its walls. The most important consideration is to locate the tip of the ring curette to exp lore the entire boundary of the cavity. In order to simulate the real situation, the RCM is located at 0 O , which is assumed to be the entry point of cyst cavity, then the DCM is able to rotate about 0 O .The flexible section of the DCM (green curve) can be located in the cavity partly or totally, so Fig. 6 shows several cases that must be considered with C shapes and S shapes.
The forward kinemat ics can be described using the D-H convention [12] , where the coordinates are defined as shown 
where  is the yaw angle;  is the bending angle of the DCM; In Algorithm 1, there are three loops. The first one is used for global search to find all the possible DCM configurations PossiPos , where target points are required within 6mm  circles centered at the DCM tip; the second loop filters the configurations which have collisions between the DCM body and the boundary; the third one finds the optimal configurations OptConfig , which maintain the designated constraints.
The algorithm is imp lemented toward two typical boundaries from the patient's CT images, segmented by Image Segmenter fro m Image Processing Toolbox (Matlab R2014b, USA) using the region based active contour segmentation method. In Fig. 7 , the boundaries are shown in red, where 51 points are equally distributed as the target points . The RCMs are defined at the entry point of each cyst cavity as shown, so the DCM can rotate along the RCMs within the Y-Z plane. Simu lation results show that 74.51% (38 out of 51 points) for Boundary I can be reached, while 70.59% (36 out of 51 points) for Boundary II are reachable (Fig. 7) .
B. Adjustable Ring Curette Integrated With the Borescope
In our approach we use the DCM as an active sheath to position and bend the tools. One example tool is flexible ring curettes that can be inserted through the inner instrument channel of the DCM smoothly, but also provide a sufficiently large blade to scrape the cyst walls. (1) Design of active ring curette The active ring curette (Fig. 8 ) has a thin and long pre-curved ring blade when it is pushed through the inner instrument channel of the DCM and can form a large circle when it is deployed and working. The blade is made of a nitinol strip with 2mm width and 0.1mm thickness. It is glued to the end of the connector, which is fixed at the end of the 3.8mm OD multi-lu men tube. The polyurethane multi-lu men tube serves as the backbone of the ring tool, which has three lu mens: one is for the borescope, one is for water irrigation, and the other is for the actuation cable. The actuation cable can be threaded into the center lumen, whose tip is fixed to the top of the ring blade. One inflection point (Fig. 8(b) ) on each side of the ring blade, located at the intersection between arc R5 and arc R20, causes it to deform. When the actuation cable is pulled, a force will be applied to the t ip of ring; this bends each side of the ring blade, deforming it from the thin and long shape to a circular shape. The borescope can be inserted via Port I through the inner lumen to the tip to observe the working environment around the ring blade. At the tip, the cable is also glued with a short sliding tube made fro m stainless steel, which is glued with the ring blade at one side. It can provide enough additional support fro m the lateral side to hold the tip of ring blade and thus avoid its unstable buckling.
(2) Fabrication of the pre-curved ring blade There are many methods to use with nitinol's shape memory property, including a salt bath, furnace, heated die or other heating method [14] . We used the traditional method of a heated die to pre-shape the ring blade. In our method, the heated die was made of two parts along the slot, which were machined with EDM. In our experiments, we assembled the strip into the slot and then used the furnace to heat them up to 550ºC for 20min to obtain the desired shapes (Fig. 8). (3) FEM analysis of flexible ring curette For the nitinol material, the maximu m strain should be less than 6%, to guarantee the ring curette would work in the expected conditions. FEM analysis (Abaqus 6.13, Dassault System, USA) was used to evaluate the deformation of the nitinol strip when the axial force was applied via the actuation cable. The relationship between the actuation force and shape is shown in Fig. 9(a) , where the strain and width w defined in Fig. 8(b) are plotted in Fig. 9(b) and (c) . Results show that when 3mm displacement is applied to the actuation cable, the maximu m strain of ring blade is within 5% while the width is changed from 3mm to about 8mm, mo re than two times the original value. That will be useful for the rotational dissection along the Z axis and linear dissection in the Y-Z plane.
Of note, when the ring curette is working, the axial force takes the dominant role for d issection and scraping, but sometimes the lateral force will be applied when the ring blade contacts the cavity wall. In some instances this may be dura, which is susceptible to tearing, and would represent a serious Figure 10 . The relationship between the external force and deformation:①& ②are the cases subject to the external force from X direction and Y direction, respectively, when the ring curette is actuated with 3mm; ③&④ are the same as ①&②, but the ring curette is not actuated. surgical complication. It is therefore necessary to evaluate the stiffness of the ring curette and determine whether it can keep its original shape when lateral force is applied, and whether it can apply a safe amount of force to the dura. We simulated 1N external force applied to the tip of ring curette along the X axis and Y axis. Here, the rigid contact without the friction was defined between the support tube and sliding tube. Simulat ion results indicate that the displacement in each case is less than 0.2mm (Fig. 10) . The stiffness of the actuated ring curette is larger than that of the unactuated ring curette, but for each case the displacement is within 0.2mm. This suggests the ring blade has large enough stiffness to keep the original shape when 1N lateral force is applied to the tip, which meets the requirement in Table. I. Reports [15] show that 5.66N will penetrate the dura, which means the allowed working force range of the ring curette should not cause penetration of the dura. In addition, we realize the nonlinear property of nitinol material under the large strain, which will be considered carefully in future.
IV. EXPERIMENTAL DEMONSTRATION AND DISCUSSION
For the maneuverable device, the DCM can work with both unactuated and actuated ring curettes to perform the dissection and scraping. One of our object ives was to determine whether the actuation of the ring curette affected the shape and tip position of the DCM itself. We also investigated the feasibility of the applicat ion of the maneuverable device using a phantom. Two experiments were designed and carried out as follows.
A. Experiment I: Evaluate the Effects of Actuating the Ring
Curette Two cases were considered: unactuated (Case I) and actuated (Case II) ring blades . For both cases, the DCM was actuated fro m 1mm to 5mm in 1mm increments. Five groups of images for each case were collected using a CMOS camera (PixeLINK, USA). The images were dig itized manually using the Digimizer (Med Calc Software, Belg iu m). For the DCM, the middle points between two adjacent left and right notches were used to describe the centerline. Results showed that the mean t ip error between two cases was 0.12mm; and the mean shape error was 0.08mm. The maximu m tip and shape error was 0.23mm (Fig. 11) . The data indicates that actuation of the ring curette has a negligib le effect on the shape of the DCM. It appears that the actuation force applied to the tip of the DCM compensated for the distributed force along the centerline of the DCM. Therefore, the effect of the actuation of the ring curette on the DCM can be ignored.
B. Experiment II: Lesion Removal
To simu late the lesion removal in t wo dimensions, 2D models of cavit ies were made using three acry lic boards manufactured with a laser cutter. The middle board had an access channel and a typical bounded cavity similar to petrous apex. Gelatin (Sig ma-A ldrich Co., USA) filled the cavity to simu late the contents of a cystic lesion. The experiments were performed on t wo d ifferent simu lated boundaries as described in Section III. We manually integrated aspiration using a vacuum (Drive Medical, USA) and scraping using the ring curette, both passing through the instrument channel of the DCM. A borescope with 0.5mm OD (7F005ZF-250, Leno x Instrument Co., USA) provided real-time images. Three experiments were performed fo llo wing the p rocedure introduced in Section II. B. Fig. 12 demonstrates the cavity model and the DCM , where (a) ~ (c) are the conditions before, during and after the removal for Boundary I and (d) ~ (e) are the same conditions for Boundary II. Fig. 13 shows the images fro m the borescope. The results show that the maneuverable device can successfully remove the cyst for both simulated boundaries. For Boundary I, a C-shaped DCM configuration could cover most of the boundaries, while for Boundary II, the S-shaped DCM configuration was also needed, to go around the corner and reach the deepest points. The areas at the base (near the access channel) of Boundary I or II were the hardest to clear (Fig. 12(c) and Fig. 12(f) ). The reason for this was that the DCM used here had a large OD to working length ratio, and it did not fully bend to reach the base area of these boundaries. It was also difficult to reach the distal cavity behind protruding boundaries due to the collision of the relat ively large DCM with the concavity (Fig. 12(f) ). However, most of the cyst was removed using both C&S DCM shapes (Table II) . The average percentage of mass removal for Boundary I & II was appro ximately 80% and 83% , respectively. In the future the structure of the DCM can be further optimized to improve its reachability to the base and distal cavity behind protruding boundaries .
V. CONCLUSION
We presented a maneuverable DCM and a flexible ring curette passing through the instrument channel of the DCM performing lesion removal. Examp le boundaries were explored based on the kinematic simu lation with C-& S-shaped DCM deploy ments. Phantom experiments verified feasibility of the lesion removal strategy. In order to increase the reachability, in the future, we will further optimize the DCM size, and length, while imp lementing variab le notch distribution. In the new design we will also consider the trade-off between ideally reducing the diameter of access point and increasing the reachability of the DCM . Of note, the DCM shape can be optimized for any specific 3D cavity. Also, we will aim at developing a teleoperative robotic system integrated with the maneuverable device with a small-d iameter to further assist the surgeon to completely remove deep cystic lesions of the lateral skull base.
